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INTRODUCTION 


The present study was undertaken in order to develop test methods and procedures for 
measuring the variation of the stress intensity factor through the thickness in bimaterial 
specimens containing cracks within and parallel to the bond line using the frozen stress 
photoelastic method. Since stress freezing materials are incompressible above critical tem- 
perature, and since thick plates are to be employed which tend to produce a state of plane 
strain near the crack tip, the interface near tip fracture equations [1] reduce to the clas- 
sic form for homogeneous materials. Moreover, zero thickness interfaces do not exist when 
materials are bonded together. 

It was decided early on that it would be important to insure a uniform straight and 
accurate crack tip region through the thickness of the body to reduce scatter in the SIF 
distribution through the thickness. It was also observed that rubberlike materials which 
were desired to be modeled exhibited significant tip blunting prior to crack extension and 
that some blunting of the tip would provide a more realistic model. It should be noted 
that, in normal stress freezing photoelastic work, it is considered good practice to avoid 
utilizing data near bond lines in photoelastic models due to the bond line stresses which 
inevitably develop when two parts are bonded together. Thus, the present study involves 
certain exploratory aspects in deviating from standard practice in stress freezing work. 

With the above ideas in mind, several different test methods were investigated and are 
described in the following sections and appendices. The geometry selected for the program 
was a thick, edge cracked specimen containing a bond line. 

TEST METHODS AND PROCEDURES 

Ideally suited materials for the proposed program would be two stress freezing materials 
with identical thermal coefficients of expansion at both room and critical temperature (T c ) 
and identical T c values; in fact, materials identical in all respects except in modulus above 
T c . It was found early on that different materials with matching T c values could not be 
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found, that T c values (where the material, upon cooling, transforms from the rubbery to 
the glassy state) even varied for the same material from batch to batch. These limitations 
led to the investigation of a variety of crack types and material combinations in seeking 
a reliable combination. All of the frozen stress data were analyzed by the two parameter 
method developed by the P.I. [2]. 

A- Bond Line Cracks 

The first set of experiments examined two different specimen types for bond line cracks 
Type A - Two different commercial photoelastic materials with T c values differing by 20° to 
25° F and with matched thermal coefficients of expansion. The crack was formed by placing 
a thin strip of Teflon over part of the surface to be bonded. Although reasonable results 
were obtained, replication of specimens was difficult, the crack fronts were not uniform and 
the bond line thickness could not be kept constant. 

Type B - Specimens consisting of pure araldite on one side of the bond line and araldite 
with 25% by weight of aluminum powder on the other side were used. Here T c ’s were matched 
exactly but the coefficients of thermal expansion jjbove T c differed by nearly 20%. Cracks 
were machined in as vee-notches. Again test results were within conventional photoelastic 

results (< ±4%) but the araldite exhibited certain unstable characteristics when thermally 

h . ' . .. 

cycled repeatedly. 

Results from the first set of experiments are presented in [3]. (Appendix I, p. 2, Table III) 
The Type B experiments used a three specimen test procedure consisting of homogeneous, 
homogeneous bonded and bimaterial bonded specimens in order to separate out the effect of 
bond stress from that of modulus mismatch. Results from these experiments are presented 
in Appendix I, p. 3, Table IV. Then, using the Type B three specimen concept, a series of 
experiments were conducted for cracks in bond lines inclined to the applied load producing 
mixed mode local fields as well as pure mode I and results are found in Ref. [4] (Appendix 
II, p. 4, Table II)). These results revealed that increases in the stress intensity level for the 
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bond line cracks was of the order of 20% above those in a homogeneous specimen for Mode 
I (/? = 0) and small angles of inclination of the bond line to a normal to the applied load 
(i.e. (3 = 15°). However for larger angles of inclination of 30° and 45°, no increase in the 
stress intensity level was observed. This was due to the reorientation of the stress fringes 
relative to the applied load (Ap II, p. 6, Fig. 5). It was also noted that a modulus ratio of 
1.98 in the bimaterial specimens had no significant effect on the stress intensity level at the 
crack tip for /3 = 0°. This was also noted in [1]. In all cases, the stress intensity factor (SIF) 
at mid thickness was always higher than near the edges but the difference was sometimes 
of the order of the experimental scatter. However, the effect of the homogeneous bond line 
and bimaterial bond line specimens on the SIF distribution through the thickness did not 
appear significant. 

B- Cracks Parallel to But Not In Bond Line 

For this study, edge cracked specimens were again employed and blunted crack tips were 
machined in to simulate the blunting in the real material. The three specimen method was 
again employed, and two commercially available stress freezing materials were used. The T c 
values differed by 25°F and, in order to minimize this effect, the cracks were located in the 
material with the highest T c . In this way, when the higher T c material became glassy, it 
was restrained by only the soft part of the bimaterial specimen, (i.e. E ao f t /E g i asS y ~ 0.5%). 
Then, when the lower T c material became glassy, it only slightly stressed the higher T c 
material and this stress was released upon slicing. The effect of this procedure was checked 
by conducting a no-load stress freezing cycle prior to stress freezing under load. Results 
(Appendix III, p. 6, Fig. 2, p. 7, Fig. 4) showed that only the non-singular stress changed in 
the data zone and here the change was constant for all data points indicating no resulting 
effect upon the SIF values. Cracks located 12.7 mm. from the bond line were unaffected 
by bond stresses in either the homogeneous bonded or the bimaterial bonded specimens. 
In fact, only the crack 3.18 mm from the bond line in the bonded bimaterial specimen 
(E 1 /E 2 ~ 4.00) showed any significant increase in stress intensity level and that increase 
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was 29%. However, a small shear mode was detected in all cracks not in the bond line 
(Appendix III p. 7 Fig. 5). Followup experiments using the materials of Appendix II and 
duplicating this test geometry showed neither shear mode nor SIF elevation suggesting that 
both of those effects are related solely to T c mismatch. The SIF distribution through the 
thickness was thumbnailed as expected and the mid- thickness value varied from 12 to 26% 
above the edge slice values in the homogeneous specimen and from 6 to 28% in the bimaterial 
specimens. The results of this part of the study are found in Ref. [5] (Appendix III, p. 3, 
Table II, Table III). 

SUMMARY 

By utilizing the three specimen method, frozen stress studies can be used successfully to 
measure the SIF distribution through the thickness of cracks within and parallel to bond 
lines, separating bond line residual stresses from modulus and T c mismatch effects. 

The most important finding of this study is that all of the increases in the SIF observed 
were due to bond line residual stress. Modulus mismatch produced no SIF increases and no 
shear mode for cracks within or parallel to the bond line. This is not surprising for cracks 
in thick incompressible materials as noted in Reference [1]. 

The second most important finding is that most stress freezing materials are not stable 
enough for tests such as these unless thoroughly post cured and aged for at least six months. 

Although thermal cycling helps, the age time is still recommended. - 

'**?• ??■ % 

Moreover, when using materials with different T c values, accurate Mode I SIF values can 
only be obtained for cracks npi near the bond line. However, if the crack is within the bond 
line, the T c effect will be negligible. 
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ABSTRACT 

In a preliminary study limited to stress freezing 
materials, two types of bimaterial specimens, one 
consisting of two photoelastic materials with different 
critical temperatures (Type A) and one consisting of 
a photoeiastic material with and without aluminum 
powder (the powder added to alter the modulus of 
elasticity without changing the critical temperature 
(Type B)) are constructed by bonding two halves 
of the dissimilar materials together. Each type of 
specimen contains an artificial edge crack along the 
bond line acd loaded normal to the bond line. After 
evaluating the two specimen types by measuring the 
variation of the Mode I stress intensity distribution 
through the specimen thickness, Type 3 was selected 
as a superior model and its features studied in detail. 

INTRODUCTION 

When a crack is located at the interface between 
two materials, near tip stress analysis is complicated 
by the fact that the mode 1 and mode 2 stress intensity 
factors (Sit ) cannot be decoupled [1], H o we v er, if the 
materials are incompressible, and plane strain exists, 
the near tip interface equations reduce to the more 
familiar form for isotropic and homogeneous elastic 
solids [2]. 

When cracks occur between a solid rocket motor 
and its rubber liner, the above conditions are approxi- 
mately realized and occur at a rather low modulus ra- 
tio between the two *"***"*if The first author and his 
colleagues have had considerable success in measuring 
three dimensional effects in cracked isotropic and ho- 
mogeneous bodies using a refined frozen stress method 
[3]. The frozen stm method is briefly summarized in 
Appendix L in order to explore the feasibility of such 
an approach. in measuring three and resid- 

ual stress effects in such sacks as desaibed above, a 
series of experiments were conducted on thirfr pitta 
in tension containing bondline cracks between two dif- 
ferent incompressible materials Two specimen types 
were investigated: 


Type A - Two commercially available photoeiastic 
materials with the crack along the bon dlin e created by 
- main ta inin g material separation with a strip of tefl o n 
which was later removed. The specimen geometry is 
specified in Fig. 1 and pertinent properties 


are given in Table I where f r is the material fringe 
value. 


Table I. 


Material 

1 ^cnticn 

' £hoc 

fr 

PSM-9 

! 160* F 

19.31 MPa 325.7 ?a-m j 

PLM-4B 

| 140° F 

7.63 MPa 

262.7 Pa-m ! 


The thermal coefficients of the two materials were 
given as 39 x 10~* per ’F at room temperature (T*) 
and 90 x 10“* per ®F at critical temperature (T c ). 
The bonding agent is PLM-9, which is an epoxy glue 
chemically similar to PSM-9. 


Tvoe 3 - Pure araldite was used on one fide cf the 
bondline and araldite with 25% by weight of al uminum 
powder was used on the other side of the bondline to 
increase the elastic modulus. The thecal coefficients 
were 15.3 x 10~* per *F at room temperature and 
averaged 120x10“* per *7 at the T e with a scatter 
of ±20 x 10”* per *F. After bonding, a machined 
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Dimensions in millimeters 
Fl«. 1. Test Specimen Dimensions 




notch was inserted along the bondline. The pertinent 
material properties are given in Table II. 


lab l& H 


Material 

Trmicai 

£ho< 

fr 

1 Araidice 

280* F 

9 .44 MPa 

266.2 Pa-m 

! Aral- Alum 

280 # F 

! 20 06 MPa 



PLM-9 epoxy was used as the bonding agent. A 
machined notch was used to simulate the crack. Its 
dimensions and those of the test specimens are given 
in Fig. 1. 

Both types of specimens exhibited a residual stress 
field due to curing of the glue which could not be 
annealed out because of the constraining effects and 
in Type A, T c mismatch also contributed a frozen 
stress part. Fringe patterns from A and B after stress 
freezing before and after slicing were used for analysis. 
A Mode I algorithm for homogeneous material was 
used to convert the optical data into stress intensity 
factor (SIF) data. The basic relation and it’s use is 
developed in Appendix II. 

TEST RESULTS AND DISCUSSION 

Type A - This type of specimen exhibited a residual 
fringe field mainly due to the mismatch in T c values 
but also partially due to shrinkage of the glue. This 
field, which was retained throughout the stress freezing 
process, was not symmetrical with respect to the bond 
line and yielded different values of K\ on the two 
sides of the crack. However, when averaged, both 
the through thickness and slices L, M and R agreed 
closely with the theoretical value of K\ provided by 
[4], as shown in Table III. Unfortunately, however, the 
teflon strip did not produce a straight crack front free 
of near tip 


Table III (K\ in MPa^/m x IQ 3 ) 


Material 

Th a 

TT* 

Slice L 

Slice M 

Slice R 

PLM-4B 

15.17 

14.95 

13.18 

13.05 

13.75 

PSM-9 

15.17 

15.17 

15.96 

15.44 

16.53‘ 

AVG 

15.17 

15.06 

14.56* 

14.24 

15.14* 


a TH = Theoretical result [4]; 

* TT = Through thickness; 
c Estimated from values of L slices; 
d LR AVG = 14.85 

distortions which caused some data to be erroneous, 
producing large scatter in K^p vs. s/rja graphs lo- 
cally. All slices were of the order of 0.89 mm thick and 
were oriented mutually orthogonal to the crack front 
and its plane. 

In Table III, the difference between the TT result 
and Th may be attributed to thicknesswise variations 


in the SIF which appear to be small. Differences in 
SIF values on the two sides of the crack in the slices 
may be attributed to the stress frozen field produced 
by the T t mismatch which is apparently complex and 
is shown in Fig. 2a. Also shown is the TT fringe 
pattern (Fig. 2b) and the M slice result for Type 
A. It should be noted that fringe symmetry is not 
expected due to the difference in material fringe values 
for the two materials. The K\ variation seems to be 
averaged out across the bond line. The TT value 
of 15.06 x 10~ 3 compares favorably with the L-M-R 
average of 14.65 x 10~ 3 . Although these results were 



a) No Load (After Thermal Cycle)TT; MF as 2.65 



b) After Stress Freezing TT; MF = 10.10 



5th Multiple 

c) Middle Slice; MF = 8.81 


Fig. 2. Type A Fringe Patterns 




not unreasonable, scatter in K AP vs. sfrjl data and 
variations in bond thickness together with crack tip 
irregularities disturbed repeatability. Because of these 
problems, Type A specimens were replaced by Type B 
specimens. 

B * Since bonding of the Type B specimen also 
resulted in a residual stress field it was decided to run 
two other tests in order to isolate the various effects. 
Test B-l was a homogeneous araldite specimen with a 
Type B vee notch crack and Test B-2 was an araldite 
specimen with the same crack as B-l but including a 
bondline. 

The results of the Type B tests on all three Type 
B specimens are summarized in Table IV. The results 
presented in Table IV may be used to the 

Type B test specimen. The experimental results were 
corrected for the notch angle using the analysis of 
Gross and Mendelson [4], 

Normally, for Mode I results data are taken across 
the crack plane from the top fringe loop to the bottom 
one and the result divided by two. This eliminates dif- 
ficulties in locating the crack tip. This was not done in 
Table IV since loop data for Test B was not available 
for the Araldite - Aluminum specimen side. However, 
m this specimen, the crack tip location was obtained 
from a separate 40-Y photograph of the specimen sur- 
face which was overlaid on the fringe pattern for ac- 
curacy. In computing percentages, the Top and Bot- 
tom values were first averaged in B x and B, to elim- 
inate error in locating the crack centerline, and then 
the L and R values were averaged to elimina te non- 
uniform loading effects through the thickness. Percent 
SIF variations through the thickness measured the dif- 
ference between the central M value and the L and R 
values. 

The fringe patterns from test B-l were typical, 
showed no unusual results and are not shown here. 
Comparing the average of the slice results in B-l with 
the theoretical K l value (Table IV) we see that the ex- 
perimental results were 3.6% higher than the theoret- 
ical result, probably partially due to some 
residual stress. Fringe patterns in the B-2 specimens 
showed some residual stresses in the no load shot (Fig. 

3a) resulting from curing of the bond line material, but 
loaded patterns appeared to swamp these stresses. By 
comparing the average of the slices with the theoretical 
results we see an increase at 8% over the theoretical 
value, of which 3.6% is assumed to be due to effects 
other than bond line curing. 

The Type B fringe patterns are shown in Fig. 4. 

Fig. 4a shows a significantly higher near tip stress field 
due to the residual bond line stresses than for the B-2 
specimen. Fig. 4b shows how the fringes are distorted 


Table IV 

K x Values from Specimens B-l, B-2 and B 

I = Left side slice T = Above bond 

M = Middle slice B = Below bond 

R = Right side slice 

Kth = 12.25 x 10~ 3 MPa^m Singular Zone from 
.25 to 0.40 ° 


Specimen 

Ki X 10 3 MPa./m 

Bl-L-T 

13.24 

Bl-L-B 

12.69 

Bl-M-T 

12.60 

Bl-M-B ' 

12.26 ~~ 

Bl-R-T 

13.05 

Bl-R-B ] 

12.52 


B2-L-T 


B2-L-B 

13.34 ~ i 

B2-M-T 

12.96 

B2-M-B 

13.00 

B2-R-T 

14.14 

B2-R-B 

13.16 1 


B-L 

14.24* 

B-M 

14.52 

B-R 

13.22* 


* AVG 13.74 


in the bondline. The middle slice is shown in Fig. 4c. 
By the same method of comparison as before, we see 
that the combined effects of machining, bond line and 
modulus increases K x by 14.2%. 

Est i mating the Effect of Residu a l Stress on y. 

The experimental methodology employed with the 
Type B test specimens allows one to assess the influ- 
ence of the residual stresses on K x without a detailed 
analysis of the residual stress field produced by cur- 
ing of the glue in the bond line. This is achieved by 
summarizing the results just discussed in Table V. 


Thble V 


Specimen 

Effect on K\ 
(from slicing! of 

Percent 

B-l 

Machining Stresses 

+ 3.6 

B-2 

Machining Stress + 
Bond Line 

+ 8.0 

B 

Machining Stress + 
Bond Line 4* Modulus 

+ 14.2 
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a) No Load (After Thermal Cycle), 


a) No Load (After Thermal Cycle), 




b) After Strew Freezing, 



b) After Strew Freezing, MF = 8.70 



5th Multiple 

c) Side Slice, 

Fig. 3 Type B-2 Fringe Patterns 



5th Multiple 
c) Middle Slice, 

Fig. 4. Type B Fringe Pattern 


(Bright Field) MF = 8.75 
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We conclude that the bond line effect in an other- 
wise homogeneous plate produces sufficient stress to 
increase K\ 4.4% when bonding dissimilar materials 
of modulus ratio of 2.13, the increase in due to the 
modulus effect is of the order of 6.20%* However this 
increase (6.20%) may be due to the no load thermal 
cycle (Fig. 3a and Fig. 4a). 

Inclined Bond Line Cracks 

When applied to bond line cracks which %ere 
tilted to the load direction, the type B specimens axe 
currently under evaluation. It may turn out that a 
different crack thickness to bond thickness will be 
required in order to get accurate neartip reading. 
However, sufficient data have not yet been obtained 
to clarify this point. This study is in its early stages. 

SUMMARY 

A series of experiments involving two maun types 
of cracked bimaterial specimens containing a bond 
line were conducted in order to assess the utility of 
the frozen stress method in measuring the variation^ 
the SIF distribution through the specimen thickness 
and residual stress effects were assessed. It was found 
that: 

(i) None of the loaded fringe patterns showed any 
evidence of a shear mode. It may be necessary to 
modify the Type B specimens for angled cracks. 

(ii) Type A specimens were considered unsatisfac- 
tory. 

(iii) Residual stresses were present in all tests. The 
effect of these stresses in the bi-material specimen 
can be separated from machining stresses as 
shown in Table V. Thus the increase in K\ in B 
due to bond line curing and material mismatch 
was of the order of 10.6%. Thus the effect of 
the residual stress on K\ can be assessed without 
measuring details of the residual stress. 

(iv) Although a reasonable K\ distribution through 
the thickness was obtained in B, indicating a 
measure of transverse constraint effect, the vari- 
ation was judged to be of the order of the exper- 
imental scatter. 

The present study is being expanded to include 
mixed mode loads and cracks parallel to the bond 
lines. 

Note: The second page of the extended abstract of 
this paper (page 42 of the Extended Abstracts Pro- 
ceedings) contained an error effecting the numerical 
results on that page. Those results have been cor- 
rected in the present paper. 
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APPENDIX I - Frozen Stress Photoelasticity 

When a transparent model is placed in a circularly 
polarized monochromatic light field, and loaded, dark 
fringes will appear which are proportional to the 
applied load. These fringes are called stress fringes 
or isochromatics and the magnitude of the maximum 
inplane shear stress is a constant along a given fringe. 

Some transparent materials exhibit mechanical 
diphase characteristics above a certain temperature, 
called the critical temperature (T c ). The material, 
while still perfectly elastic will exhibit a fringe sen- 
sitivity of about twenty times the value obtained at 
room temperature and its modulus of elasticity will be 
reduced to about one six hundredth of its room tem- 
perature value. By raising the model temperature 
above T c , loading, and then cooling slowly to room 
temperature, the stress fringes associated with T c will 
be retained when the material is returned to room 
temperature. Since the material is so much more sen- 
sitive to fringe generation above T c than at room tem- 
perature, recovery at room temperature upon unload- 
ing is negligible. The model may then be sliced with- 
out disturbing the “frozen in” fringe pattern and an- 
alyzed as a two dimensional model but containing the 
three dimensional effects. In the use of the method to 
make measurements near crack tips, due to the need 
to reduce loads above critical temperature to preclude 
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APPENDIX II 



Beginning with the Griffith-Irwin Equations, we 
may write, for Mode I, 


°H = (2rrr)T ^ ^ + •>• = n ’ *) 

(//.I) 

where: 


<r, 7 are components of stress 
*1 isSIF 

r,0 are measured from crack tip (Fig. II- 1) 
<7° are non-singular stress components. 
Then, along 6 = tt/ 2, after truncating <Ji, 


(^m )ro»jt — 


(8irr) J 


+ r” = 


Kap 
(8irr) i 


(//• 2 ) 


where r° = f(a^) and is constant over the data range 
Kap = apparent SIF 



r nz = maximum shear stress in nz plane 


Kap = 
fr(ffa)4 J(ira)4 


^(s)' <"- 3 > 


where (Fig. II. 1) a = crack length, and 9 = 
remote normal stress 

is linear. 

Since from the Stress-Optic Law 
(tvuW* = §£ where 
n = stress fringe order 
/ = material fringe value 
t s specimen (or slice) thickness 
and from Eq. II.2 

K Ap — (T nx ) mas (8irr) i — ^(8sr)i, 

then Ka p (through a measure of n) and r became the 
measured quantities from the stress fringe pattern at 
different points in the pattern. 

A typical plot of normalized Kap vs. \frja for a 
homogeneous specimen is shown in Fig. 0.2. 



Fig. D-l Mode I Near Tip Notation 
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II-2 Determination of K\ from Raw Test Data 
for a Homogeneous Specimen. 
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Abstract A preliminary investigation limned to stress freezing materials was undertaken in order to 
develop a test method for estimating the stress intensity factor (SIF) distribution along the border of 
cracks in the bondlme of a bimatenal specimen It was desired to measure the influence of curing stress 
and mixed mode effects for such specimens A single edge notched specimen was selected, and a test 
procedure was devised for isolating the curing stress effect at the bondline for Mode I. Subsequently, 
mixed mode tests were conducted and the SIF distributions for K { and K 2 were obtained. It was found 
that the level of the SIF values was increased by the bondlme in cracked homogeneous bondlme speci- 
mens for bondlines nearly normal to the applied load, but that this effect was not increased in bonded 
bimaienal specimens. For larger angles of inclination to a normal to the applied load, no increase in 
the SIF above the homogeneous result was found £ 1997 Elsevier Science Ltd 


1. INTRODUCTION 

When a crack is located at the interface between two materials, near tip stress analysis is com- 
plicated by the fact that the mode 1 and mode 2 stress intensity factors (SIF) cannot be 
decoupled [1] However, if the materials are incompressible, and plane strain exists, the near lip 
interface equations reduce to the more familiar form for isotropic and homogeneous elastic 
solids [2]. 

When cracks occur between a solid rocket motor and its rubber liner, the above conditions 
are approximately realized and occur at a rather low modulus ratio between the two materials. 
The first author and his colleagues have had considerable success in measuring three-dimen- 
sional effects in cracked isotropic and homogeneous bodies using a refined frozen stress method 
[3]. The frozen stress method is briefly summarized in Appendix A. In order to explore the feasi- 
bility of such an approach in measuring three-dimensional and curing stress effects in such 
cracks as described above, a series of experiments was conducted on thick plates in tension con- 
taining bondline cracks between two different incompressible materials. 


2. SPECIMEN CONFIGURATION, MATERIALS AND TEST PROGRAM 

The specimen configuration used in all tests is pictured in Fig. 1. All loads were parallel 
to the long dimension of the specimens. The materials and their properties are given in 
Table 1. 

The thermal coefficient of expansion for both materials was matched exactly at 
15.3 x 10“* per C F at room temperature and 1 19 x KT 2 * * * 6 ± 20 x 1(T* per °F at 240°F. The 
araldite-aluminum specimens were produced in opaque form by adding 25% by weight 
of aluminum powder to the pure transparent araldite, a common photoelastic material. 


^Author ic whom all correspondence should be addressed 
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P - 0.15, 30 & 45 dtgrws 
Fig I Test geometry. 


The bonding agent was a commercial glue PLM-9 made by Photolastic, Inc Raleigh, 
N.C. The test specimen materials were supplied by Survey Technology Centre, London. 

The testing program involved three test specimens for each crack orientation: one homo- 
geneous specimen (B-l), one bonded homogeneous specimen (B-2) and one bonded bimaterial 
specimen (B). This was done in order to isolate residual bond line effects from bimaterial effects. 


3. ANALYTICAL PROCEDURES 

In order to provide an analytical control, the following procedure was used to estimate 
theoretical values of A Uth) and K 2{ thv 


Tabic I Material properties 



2698 psi ( 18 60 MPa) 
5349 psi (36.88 MPal 


I 64 psi-tn (286 9 Pa-m) 






Evaluating stress imensuv distribution for cracks m rocket motor bondhnes 


99 




Fig 3, B (bimatenal bonded specimen) for /? = 0 : . ta) No load (through thickness) (b) Loaded and 
stress frozen (through thickness), (c) Edge slice L (M.F. = 8.75). 


The values of Afi (lh) and AS (l h) were based on two-dimensional solutions for edge cracks in 
semi-infinite plates [4. 5]. adjusted to finite width plates using refs [6. 7]. and correcting for the 
notch effect using ref. [8], In adjusting the infinite plate solution to the finite plate solution for 
inclined cracks (/? # 0), the projection of the crack normal to the direction of the applied load 
was used. 

Experimental results were obtafned from frozen stress photoelastic experiments and optical 
data w'ere converted into stress intensity values using the algorithms and procedures described in 
Appendix B. 


4. TEST RESULTS 

Frozen stress tests were conducted on edge cracked specimens for values of /? = 0 r . 15*. 30 : 
and 45 . After stress freezing, thin slices were removed mutually orthogonal to the crack front 
and the crack plane (L.M.R in Fig. 1) and the slices were analyzed photoelastically (Appendix 
A) and SIF values were determined for each slice (Appendix B). Fringe patterns from the 
cracked homogeneous specimen were as expected and are not showm. Fringe patterns from the 
no load and loaded through thickness shots and an edge slice are shown for the homogeneous 
bonded specimen (B-2) in Fig. 2 for /? = 0*. Corresponding photos for the bimaterial specimen 
for /? - 0 : are shown in Fig. 3. Finally, corresponding photos for the homogeneous bonded spe- 
cimen (B-2) are shown for /? = 30' in Fig 4. It is clear that bond line curing fringes exist in all 
specimens but a developed singular fringe pattern does not exist for these cases. Machining 
stresses parallel to the notch sides appear to diminish during stress freezing. 

In the 15 homogeneous bonded test, a crack emanated from the notch tip under load at 
the notch tip. ran to a bond-araldite interface and proceeded to grow along the interface. 
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Table 2 


Specimen 

f. 


Fu(F 2 >th 


fi - 0 C ; [Fig 1]: (n>TH-l-51 




a * 8.75 psi (0.060 MPa) 



Bl-LR 

1.37 — 

0.907 

— 

BUM. LMR 

1.67,1.47 — 

1.11.0.974 

— 

BMR 

173 — 

1.15 

— 

BUM. LMR 

1.95.1.80 — 

1,29,1.19 

— 

B-LR 

1.72 — 

1.14 

— 

B-M. LMR 

1.82.1.75 — 

1.21,1.16 

— 


P - 15 ! , [Fig 11: CF|>th - 1 -41: <F a >n« 

-0 181 



d B] -= 14.0 psi (0.097 Mpa <? B: * 8.75 psi (0.060 Mpa.) 


Bl-LR 

1.31 0.179 

0.929 

0 989 

BUM. LMR 

1 62.142 0.221.0 193 

1.15,1.01 

1.22.1,07 

B-LR 

1.52 0,209 

1.08 

1.15 

B-M. LMR 

1.79,1.61 0.244,0,231 

1.27.1.14 

1.35.1.28 


P « 30'; [Fig .16: <F,)th' 

■ 0.229 



a B , * 7.00 psi (0.048 MPa). o B : B * 14.0 psi (0.097 MPa) 


Bl-LR 

1.03 03320 

0.888 

0.944 

BUM. LMR 

1.14.1.07 0.353.0.330 

0.983,0.922 

1.04,0 973 

B2-LR 

1.05 0.323 

0.905 

0.953 

B2-M. LMR 

1.16,1 08 0.357,0.334 

1 00.0 931 

1.05,0.985 

B-LR 

1.02 0.317 

0.879 

0.935 

B-M. LMR 

1.16,1.07 0.357,0.330 

1.00,0.922 

1.05.0.973 


P - 45'. [Fig 1): (f, >m -0.837; (f,)™ 

*0.432 



a - 7.00 psi (0.048 MPa) 



Bl-LR 

0 856 0494 

1.02 

1.14 

BUM. LMR 

0 921.0.877 0.532.0 506 

1.10.1 05 

3.23.1 17 

B2-LR 

0.843 0 486 

1.01 

113 

B2-M. LMR 

0.873.0.852 0504.0 492 

1.04.1.02 

1.17.1.14 

B-LR 

0.893 0 516 

1.07 

1.19 

B-M. LMR 

0.857.0.881 0.494.0.505 

0 

1 j 

o 

'7» 

1 14.1 18 


Theoretical estimates 
F\ = A'i /Ov 7 ^. F : = K:/d % /na 
a = 0.375 in (9.53 mm). fFig I) 

B1 = Homogeneous specimen 

B2 ■ Homogeneous bonded specimen 

B ■ Bi-maienal specimen 

LR * Average of left edge and right edge slices [Fig 1] 

LMR = Average of left edge, middle and nght edge slices [Fig 1) 
For £ * G. projections of mode 1 and mode 2 results are used 
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The normalized SIF results from all tests are tabulated in Table 2. Several general com- 
ments can be made. 

1 All F jh values are two-dimensional analytical results. (F M ) TH values are estimated from 
( F\ Ith analysis. 

2 The F x distributions through the thickness revealed a slight elevation in the SIF near mid- 
thickness as expected in every case except the 45°B-M result. 

3 Only the 15 : and 0 : cases revealed a significant increase in /"i /(Z 7 ! )th avo * n l ^ e bimaterial spe- 
cimens (14%, 16%). However, this same order of increase was found for the 0 : homogeneous 
bonded specimen (19%) and would be expected for the 15 c case as well. 

4 Values of {/*h/(/'ii)th}avg w cre generally higher than their {/y(/ r |) TH ) AV G counterparts but, 
since we do not have an accurate two-dimensional analytical result for this case, no particular 
significance is attached to these elevations. 


5. SUMMARY 

A series of tests was conducted in order to provide a data base for the development of a 
test for evaluating stress intensity factor distributions along bond lines between incompressible 
materials of different Moduli of Elasticity. It was desired to separate the bond line effect from 
the bimaterial effect (see Table 3). 

As shown in Table 2, variations in the SIF across the plate thickness were small and of the 
order of the accuracy of the method of analysis (2.6%). However, they did show the expected 
distribution in the bimaterial specimen. Moreover, the procedure allows separation of bond 
stress and bimaterial stress effects. 

Tests were conducted on specimens containing bondline artificial cracks inclined to the load 
direction at the angles of 0 D , 15 c , 30 r and 45". The modulus ratio in the bimaterial specimens 
was 1 97. Stress intensity factors determined at intervals through each specimen thickness by the 
frozen stress method were normalized with respect to two-dimensional solutions for Mode I and 
two-dimensional estimates for Mode II. 

As a result of these studies, it was found that: 

1. For ft = 0° and * 15°, a significant elevation in K\ occurred in the bimaterial specimens 
(14% to 16 Vo). However, this increase also occurred in the homogeneous bonded specimen in 
the fi = 0° test and is expected in the /? = 15 c homogeneous bonded test. The suggestion is 
that the elevation of K\ is due to the bondline stresses and not due to the modulus ratio in 
the bimatenal specimen. Examination of the no load bondline fringes reveals that they are 
indeed nearly normal to the load direction near the crack tip. 

2. It is of interest to note that there was no effect on K\ of either the homogeneous bondline or 
the bimaterial specimen for values of ft * 30 c and 45 c . This is believed due to the fact that 
the no load bondline fringes were nearly parallel to the load direction near the crack tip and 
thus made no contribution to the fringe gradient in the load direction which is used to deter- 
mine K\. A qualitative sketch of the effect of the bondline residual stress in (1) and (2) is 
shown in Fig. 5. 

3. Mode II results were larger than predicted by approximate analysis, but again appeared due 
solely to bondline effects. 

4. In all cases except one the peak SIF occurred at mid-thickness. In the single exception, 
(/? - 45') the variation in the SIF across the thickness appeared to be of the order of the ex- 
perimental scatter (i.e. <±3%). 


Tabic 3 Thickness averaged results compared to the 2D homogeneous solution for /? * 0 C 


Specimen 

Effect on of 

Percent 


B-l 

Machining stresses 

-2.60 


b>: 

Machining stress + bondiinc stress 

19 


B 

Machining stress + bondline + modulus 

16 
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For ft = 0°, 15° 

Load 



For P = 30°, 45° 



In conclusion, it appears that using the three specimen test procedure, reasonable results 
can be obtained for SIF distributions through the thickness of bimaterial specimens containing 
bondline cracks in incompressible materials. Tests employing this method are being conducted 
on cracks parallel to the bond line. 


Acknowledgements — The authors wish to acknowledge the support of the Department of Engineering Science and 
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APPENDIX A 


Frozen stress phoroelasricii} 

When a transparent mode! is placed in a circularly polarized monochromatic light field, and loaded, dark fringes will 
appear *hich are proportional to the applied load These fringes are called stress fringes or isochromancs and the magni- 
tude of the maximum in-plane shear stress is a constant along a given fringe. 

Some transparent materials exhibit mechanical diphase characteristics above a certain temperature, called the critical 
temperature (T c ) The material, while still perfectly elastic will exhibit a fringe sensitivity of about 20 times the value 
obtained at room temperature and its modulus of elasticity will be reduced to about one six hundredth of its room tem- 
perature value By raising the model temperature above 7" c loading, and then cooling slowly to room temperature, the 
stress fringes associated with T c will be retained when the material is returned to room temperature Since the material is 
so much more sensitive to fringe generation above T c than at room temperature, fringe recover) at room temperature 
upon unloading is negligible The model may then be sliced without disturbing the “frozen in” fringe pattern and ana- 
lyzed as a two-dimensional model, but containing the three-dimensional effects. In the use of the method to make 
measurements near crack tips, due to the need to reduce loads above critical temperature to preclude large local defor- 
mations. and the use of thin slices, few stress fringes are available by standard procedures To overcome this obstacle, a 
refined polanscope is employed to allow the tandem use of the Post [9] and TardypO] methods to increase the number of 
fringes available locally 

In fringe photographs, integral fringes are dark in a dark field and bright in a bright field. Bright fields are used through- 
out this paper for clarity. 


APPENDIX B 


Mode I algorithm for homogeneous case 

Beginning with the Gnffith-Irwin Equations, we may write, for Mode I, 

Am 

°<j = Q—pi /»<*> + ° v v-J = "• *>• 


<B1 > 


where a tJ are components of stress. is SIF, r. 6 are measured from the crack tip (Fig. 6). o tJ are non-singular stress 
components. 

Then, along 9 * it 2, after truncating <r fJ 


, , ^ 0 Af A p 

*“ / o_\ I /I + T * 


<8 nr) 1 ' 


(8*r) 


T7T 


where r-f ( o ) and is constant over the data range. K* p- apparent SIF, t„ ; « maximum shear stress in n z plane 


*AP 


K s Jlx (rV u 

71 (T(7ru) t/: * d \ o / 


a(JTfl) 


( B2 ) 


(B3) 


where (Fig 6) a * crack length and a- remote normal stress, i.e. K*?/{&{na) iri ) vs JTJq is linear 

Since from the Stress-Optic Law. (v)^ *= where n ■ stress fringe order,/ ■ material fringe value, i * specimen (or 
slice) thickness and from eq. (B2). then 


Z 1 

> 

'•dsUr- 



(a) 



Fig 6. Near tip notation 
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Fig 7. Determination of KJo^/rJa from test data 


A’ap = (T«) mi ,(87rr) l/2 « ^ (8?rr) ,/: , 

and A ap (through a measure of n) and r become the measured quantities from the stress fringe pattern at different points 
in the pattern 

A typical plot of normalized A A p vs JTJq for a homogeneous specimen is shown in Fig 7. 

Mixed mode algorithm 

The mixed mode algorithm was developed (see Fig 8) b> requiring that. 

< 87rr »)'’ :L T^<*' ■K 1 .r m .e m .x v ) = 0. (B4| 

I 

©*— ‘©1 


which leads lo 
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measuring ©,„ which is approximately in the direction of the applied load, K 2 iK\ can be determined. 

Then writing 

m d\ = -/^ _ AP 

2f (ijrTT 75 ' 

one may plot K %/{o(na) if2 ) vs yfrjd as before, locate a linear zone and extrapolate to r « 0 to obtain K * Knowing 
K*. K : Ki and © ffi ' values of K x and K 2 may be determined since 

K * = [(* , sin ©*, : 4 1K : cos @ m ') 2 4 (K 2 sin B m ’) 2 )' r \ (B6) 

Details are found in ref. [3] A plot of K \ ? !dyfna vs yfrja will yield a linear zone from which K* can be extracted 
Knowing K* and \ and K 2 can be determined from cqs (B5) and(B6). 


(Received 5 February 1997. in final form 6 May 1997, accepted % May 1997) 
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BOND LINE RESIDUAL STRESS EFFECTS ON CRACKS PARALLEL 
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ABSTRACT 

Using the frozen stress photoelastic method, stress 
intensity factor (SIF) distributions through the thickness 
of plates containing blunt through cracks parallel to and 
at different distances from the bond line between materials 
of the same and different moduli are determined- By 
comparing the homogeneous bonded with the bi-material 
specimens while suppressing the influence of differing critical 
temperatures, the effect of modulus mismatch is estimated 
as well as bond line effects. 

1. INTRODUCTION 

Solid rocket motors consist of an incompressible matrix 
which lends itself to being modelled by frozen stress 
photoelasticity above the critical temperature (T c ) of the 
material. The first author and his colleagues have analyzed 
SIF distributions along crack fronts in rocket motor models 
(Smith and Wang, 1992) and (Smith et al, 1993) and recently 
have measured SIF distributions along crack fronts in bond 
lines between two materials of the same and different moduli 
using a refined frozen stress method (Smith et al, 1997). In 
the latter paper, since the material was incompressible above 
T c and the test specimens were relatively thick, the interface 
fracture equations (Hutchinson and Suo, 1992) reduced to 
the classical, homogeneous form for near tip nearly plane 


strain states. 

When cracks in rocket motor material are loaded in a 
moderate temperature regime, significant blunting results 
at the crack tip. Moreover, such cracks occasionally form 
parallel to the bond line. The present study was undertaken 
in order to establish the extent of the influence of bond line 
stresses upon the SIF distribution along the blunted crack 
fronts for cracks parallel to bond lines in both homogeneous 
bonded and bi-material specimens. 


2. TEST SPECIMENS AND METHOD OF ANAL- 
YSIS 

Edge cracked specimens, the dimensions of which are 
presented in Fig. 1, were selected for the analysis. Three 
types of specimens were used: 

a) One without a bond (used as a control). 

b) Bonded homogeneous specimens to measure the effect of 
the bond stresses. 

c) Bi-materiaJ specimens to assess the combined influence 
of modulus and T c mismatch in the tw f o materials while 
suppressing effects due to T c mismatch as much as 
possible. 


Ill- 


1 



Specimens of each type were first cycled through a 
stress freezing cycle under no live load, then loaded, stress 
frozen, and three slices (L,M,R in Fig. 1) were removed 
from each specimen and analyzed using a refined frozen 
stress procedure. The frozen stress concept is described in 
Appendix I and algorithms for converting photoelastic data 
into SIF values at points along the crack border are described 
in Appendix II. 

According to interface fracture mechanics theory 
(Hutchinson and Suo, 1992), under conditions of material 
incompressibility and plane strain for a bond line crack, 
there will be no modulus mismatch effect upon the SIF. 
This result was confirmed in some prior tests (Smith et al, 
1997) using araldite bonded to araldite containing aluminum 
powder. The two materials exhibited the same T c but their 
thermal coefficients were somewhat different above 2V 

In producing stress freezing materials, manufacturers 
have apparently had to sacrifice control of T c in order to 
maintain accurate values of material fringe value, thermal 
coefficient variations, hot modulus and general material 
quality. Consequently, in the present study, two commercial 
materials with the same thermal coefficients but different T c 
values were selected and tested in order to assess the effect 
of the T c - modulus mismatch. 

Cracks were machined into the material with the higher 
T c in order to minimize the influence of T c mismatch, since 
the material with lower T c would still be in the rubbery state 
w'hen the material with the higher T c becomes glassy and so 
should have a smaller influence on crack tip residual stress 
than if the crack were in the material with the lower T c . 

The two materials used were PLM-4B and PSM-9 with 
properties as given in Table I. 


Tfeble I * Material Properties 


Materia] 

^critic*] 

■E'Hot 

f 

PLM-4B 

180°F 

(12.96 MPa) 

(420.3 Pa-in) 

PSM-9 . - 

205*F 

(47.67 MPa) 

(520.1 Pa-m) 


These materials were produced by Photoelastic Inc. and 
specified to have the same thermal coefficients at room 
temperature (7*) and critical temperature (T c ). They were 
given as ort = 39 x lQ-*/ 0 F <*ct = 90 x 10~*/°F 
respectively. 

PLM-4B was used in the control and homogeneous bond 
line specimens and cracks were located at three different 
distances from the bond line. In the bimaterial specimens, 
the crack was located in the PSM-9. The bond line glue 
was chemically the same as PSM-9 but was used in liquid 
form when applied. The test procedure followed was the 
following: 


i) Prepare test specimen blanks with loading holes anc 
check in a polariscope for any fringes. If present, discard 
blanks. 

ii) Insert cracks in specimen blanks using a Buehler diamond 
saw. 

iii) Glue specimen blanks together to form test specimens 
and run a no load stress freezing thermal cycle to 
complete curing of bond line glue and assess T c mismatch 
effect. 

iv) Stress freeze specimens. 

v) Remove three thin slices mutually orthogonal to crack 
plane and its border from each specimen . 

vi) Analyze slices in refined polariscope and convert optical 
data into SIF values for each slice using the algorithms 
in Appendix II. 

The bluntad crack pushed the singular data zone further 
from the crack tipujthan for a sharp crack and produced 
somewhat elevated SIF values in the homogeneous specimen. 
However this is not expected to affect the normalized 
comparisons made in the present test program. 

3. RESULTS 

A. Homogeneous Bonded Specimens 

After bonding, a single stress freezing cycle with no 
applied load was carried out. Fig. 2 shows the through 
thickness (TT) stress fringe field developed in the curing 
cycle for B-l (h = 12.7 mm) and indicates no interaction 
between the crack and the bond line stress. Moreover, the 
data zone normal to and passing through the crack tip is 
completely free of fringes indicating no effect on the Ky or 
non-singular values due to T c mismatch. For B-2 {h = 6.35 
mm) interaction was observed and for B-3 (h = 3.17 mm) a 
significant interaction between crack and bond line resulted. 
However, all of the data zone used for computing Ky and 
K 2 except B-5 are completely within the same fringe order. 
This indicates a change in a® but not in Ky or AV The 
effect on B-5 is noted in the next section. In all cases, one 
fringe was clearly visible adjacent to the bond line. 

Both the control specimen B and the B-l (h s 12.7 mm) 
specimens yielded pure Mode I fringe patterns w hich were 
the same to within ±5%, a range established by determining 
Ky on each side of the control specimen. Consequently their 
fringe patterns revealed no new information and are not 
shown. Fringe patterns for B-2 ( h = 6.35 mm) still showed a 
pure Mode I field but Ky was slightly reduced by the curing 
stress field. Fig. 3 shows a TT and a slice fringe pattern for 
B-3 {h = 3.17 mm) and indicates a disturbance in the near 
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tip field on the side nearest the bond line. 

There was no evidence of a shear mode near the tip in 
any of the fnnge patterns which were read to within 0.02 
of a stress fringe. Using the Mode I algorithm described in 
Appendix II the normalized appare nt S IF was plotted vs. 
\A/o- over a linear zone between y/rja of 0.35 to 0.6, the 
slope of which is proportional to the non-singular stress field 
was found. A typical plot is shown in Fig. II-2 for data on 
the side of the crack above it. 

For the B-3 specimen, this plot for data below the crack 
revealed that the nonsingular field was significantly altered 
between the crack and the bond line and the slope was 
reversed. This is interpreted to mean that the treatment 
in the algorithm of a constant non-singular stress field was 
not valid within the measurement zone below the crack. 
Consequently all K determinations were made on fringes 
on the side of the crack away from the bond line. Results 
from slice data are given in Table II and show significant K\ 
elevation near mid thickness. 

Table II 


Bonded Homogeneous Specimen Results 


Specimen 

F i 

Fi/Fctt 

B-l(LR) 

1.53 

0.93 

B-2(LR) 

1.47 

0.90 

B-3(LR) 

1.65 

1.01 

B-l(M) 

1.93 

1.18 

B-2(M) 

1.81 

1.10 

B-3(M) 

1.85 

1.13 

B-l(LMR) 

1.66 

1.01 

B-2(LMR) 

1.58 

0.97 

B-3(LMR) 

1.72 

1.05 


TT = Through Thickness 

LR = Average value of left and right side slices 

M = Middle slice value 

LMR = Average value of left side, middle, and right side 
slices 

K\ as mode 1 stress intensity factor 
o = Nominal far field stress 
a as crack length 
F\ = 

Fctt = Normalized mode 1 stress intensity factor 
corresponding to LMR slice average of homogeneous control 
specimen 


B. Bi-material Specimens 

For the bi-material specimens. B-4, B-5 and B-6, after the 
curing cycle, interaction was found between the bond line 
stress and the crack tip for all three cracks. As shown in 
Fig. 4, the bond line fringe for B-4 is broader than in the 
homogeneous case but the stress level was similar. When 
the bi-material specimens were loaded and stress frozen, 
contraction of the PSM-9 as it passed through its critical 
temperature (205°F) during cooling was slightly restrained 
by the PLM-4B which was still above its T C (180°F) (i.e. 
EruUcry / E 9 ia* 9 V < 0.5%). When the PLM-4B changed into 
it’s glassy state, the corresponding shrinkage w’ould impose 
a small live stress field in the PSM-9. However, when 
slices were removed to take data, this stress would be likely 
released. Loading added a shear mode to specimens B-4, 
B-5 and B-6 as shown in Fig. 5. 

The inclination of the reading line angle near the crack tip 
increased as h decreased. Thin slices were removed from 
each specimen and analyzed as before using the mixed mode 
algorithm of Appendix II. The results of this analysis are 
shown in Table III. 

Table III 


Bimaterial Specimen Results 


Specimen 

Fi 

f 7 

F i / Fctt 

F^/Fctt 

B-4(LR) 

1.53 

0.11 

0.93 

0.07 

B-5(LR) 

1.70 

0.20 

1.04 

0.12 

B-6(LR) 

2.01 

0.31 

1.23 

0.19 

B-4(M) 

1.96 

0.14 

1.20 

0.09 

B-5(M) 

1.81 

0.21 

1.10 

0.13 

B-6(M) 

2.35 

0.37 

1.43 

0.23 

B-4 (LMR) 

1.67 

0.12 

1.02 

0.07 

B-5(LMR) 

1.74 

0.20 

1.06 

0.12 

B-6(LMR) 

2.12 

0.33 

1.29 

0.20 


TT = Through Thickness 

LR = Average value of left and right side slices 

M = Middle slice value 

LMR = Average value of left side, middle, and right side 
slices 

K\ = mode 1 stress intensity factor 
a = Nominal far field stress 
a = crack length 
Fi * tfi/a(*a ) l/2 
F 2 = K 2 /a(na)V 7 

Fctt = Normalized mode 1 stress intensity factor 
corresponding to LMR slice average of homogeneous control 
specimen 
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4. DISCUSSION OF RESULTS 

From the fringe patterns obtained for the homogeneous 
bonded specimens, it is clear that only Mode I exists near 
the crack tip although shear was present globally. From 
Table II the ratios of the normalized SIF in the middle 
slices to those near the edges were 1.93/1.53 = 1.26 for B- 
1: 1.81/1.47 = 1.23 for B-2, and 1.85/1.65 = 1.12 for B-3. 
Since the accuracy of the method is judged to be ±5%, these 
rihumbnailed” distributions are readily measured. The 
presence of the bond line does not influence the B-l crack, 
(i.e. Fi/Fcrr = 1.01) Variations in B-2 and B-3, causing 
an SIF reduction in B-2 but an increase in B-3 are likely not 
significant. 

The results from the analysis of the test data from the bi- 
material tests are presented in Table HI. The results clearly 
show the presence of a shear mode. There is also a significant 
increase in the SIF near the mid-thickness of both F\ and 
Fj. Comparing average values from Tables II and ID, it is 
clear that the effect on F\ is negligible for B-4, small for B-5 
but becomes significant for B-6, with the bi-material values 
of LMR exceeding those of the homogeneous bonded values 
near the bond line. It is again clear that the distribution 
in the SIF through the thickness is measurable in the bi- 
material specimens. For example, the ratios: 

B-4M/B-4LR = 1.96/1.53 = 1.28 

B-5M/B-5LR = 1.81/1.70 = 1.06 

B-6M/B-6LR = 2.35/2.01 = 1.17 

are all easily measured differences across the thickness. 
Moreover, the no-load photo for B-5 revealed a full fringe 
around the crack tip which is estimated to increase the B-5 
K results by as much as 8%. The above results suggest that 
this no load fringe may only have affected the edge slices 
LR. 

Finally, one may conjecture that, from the point of view of 
a designer, when the crack is located further from the bond 
line than its own length, the effect on the Mode I SIF is 
negligible and the shear mode effect is of the order of 7% 
of the Mode I control value. For a crack only one third its 
length from the bond line the Mode I SIF is increased by 
about 29% above control while the Mode II effect is about 
20% of the control value. 

In (Smith et al, 1997), when a crack was placed in the 
bond line between two materials of the same T c but different 
moduli, the average SIF was the same as for a companion 
cracked homogeneous bonded specimen, suggesting that the 
modulus mismatch has no influence on the SIF. Assuming 
that to be the case, we might then attribute the presence 
of Mode II and the increase in Mode I in B-6 entirely 
to the T c mismatch. On the other hand, since we have 
tried to minimize T c effects and none can be detected when 


comparing TT no load curing cycle fringe patterns of B- 
1, B-2, and B-3 with B-4, B-5 and B-6, (except possibly 
the SIF distribution in B-5 as noted earlier) one is inclined 
to conjecture that the increase in the Mode I SIF in B-6 
might be due primarily to the modulus mismatch. However, 
pending further studies this result must remain an open 
question. 

These studies reveal the importance of exercising careful 
control over the T c> cure, and thermal coefficient control 
when using bi-material specimens for stress freezing On the 
other hand, accurate variations in the SIF values through the 
thickness can be measured. 
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APPENDIX I - Frozen Stress Photoelasticity 

When a transparent model is placed in a circularly 
polarized monochromatic light field, and loaded, dark fringes 
will appear which are proportional to the applied load. 
These fringes are called stress fringes or isochromatics and 
the magnitude of the maximum inplane shear stress is a 
constant along a given fringe. 

Some transparent materials exhibit mechanical diphase 
characteristics above a certain temperature, called the 
critical temperature (T c ). The material, while still perfectly 
elastic will exhibit a fringe sensitivity of about twenty times 
the value obtained at room temperature and its modulus 
of elasticity will be reduced to about one six hundredth 
of its room temperature value. By raising the model 
temperature above J c , loading, and then cooling slowly 
to room temperature, the stress fringes associated with T c 
will be retained when the material is returned to room 
temperature. Since the material is so much more sensitive to 
fringe generation above T c than at room temperature, fringe 
recovery at room temperature upon unloading is negligible. 
The model may then be sliced without disturbing the “frozen 
in 7 ’ fringe pattern and analyzed as a two dimensional model 
but containing the three dimensional effects. In the use 
of the method to make measurements near crack tips, due 
to the need to reduce loads above critical temperature to 
preclude large local deformations, and the use of thin slices, 
few stress fringes are available by standard procedures. To 
overcome this obstacle, a refined polariscope (Fig. 1-1) is 
employed to allow the tandem use of the Post (Post, 1966) 
and (Tardy, 1929) methods to increase the number of fringes 
available locally. 

In fringe photographs, integral fringes are dark in a dark 
field and bright in a bright field. Dark fields are used 
throughout this paper. 


APPENDIX II (Algorithms) 

Mode 1 Algorithm for Homogeneous Case 


Beginning with the Griffith-Irwin Equations, we may 
write, for Mode I. 

°'i - (2 ^ -M g ) + °Xi (*•;'• = n. *) 

(// 1 ) 

where: 


o are components of stress 
K\ isSIF 

r, 9 are measured from crack tip (Fig. II-l) 
<r® are non-singular stress components. 
Then, along 6 = *r/2, after truncating a tJ 

(TniW (8*0* +T (STrr)i 


(//• 2 ) 


where r° = ) and is constant over the data range 

Kap = apparent SIF 
r nz — maximum shear stress in nz plane 


■ K ap _ Ki + VS r° /r\i 
a(7ra)i ^(ira)^ o 'a' 




where (Fig. II. 1) o = crack length, and d = remote 
normal stress 



Since from the Stress-Optic Law 
(vW = where 
n = stress fringe order 
f = material fringe value 
t = specimen (or slice) thickness 
and from Eq. II.2 

Ka p = (r„,) m «*(8jrr)i = (8xr)i, 

then K A p (through a measure of n) and r become the 
measured quantities from the stress fringe pattern at 
different points in the pattern. 

A typical plot of normalized Kap vs. \frja for a 
homogeneous specimen is shown in Fig. II. 2. 


Mixed Mo de Algorithm 

The mixed mode algorithm was developed (see Fig. II-3) 
by requiring that: 
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{(s->- m ) 1/; <5( l . W (■ft' 1 ,ft' 2 ,r Tn ,e m ,r, j )| = o 

(HA) 

which leads to: 

(^)’-|(sf)“ ,2 ®»-3 = 0 --- <"- 5 > 

By measuring w’hich is approximately in the direction 
of the applied load, K^jK\ can be determined. 

Then writing: 

-max _ fjl _ AP 

nz - 2t “ (8„)1 


^ * 

one may plot — -^r vs. 35 before, locate a linear 

zone and extrapolate to r = o to obtain K". Knowing, K\ 
K 2 /K 1 ftnd 65,1 values of K\ and Aj may be determined 
since. 


K m = [(ATuine^ + 2 K 7 oosQ° m ) 7 + (K 2 sine^) 2 ]i 

(J/.6J 

Details are found in (Smith and Kobavashi, 1993). A 
plot of K\p/o 'Jit /a vs. y/rja will yield a linear zone from 
which A"* can be extracted. Knowing K' and 6 K : L A' 2 
can be determined from Eqs. n.5 and II. 6. 


lac v«w 



BmmiQta 


ggip* w»w 


( 

•bets 

/ f V 
I 1 \ 

r ? i 


l M A 



B-l,B-4:h. 12.7 mm. 
B-2,B-5:h«a35rrm 
B * 3. B * 6 : h « 3.18 mm. 
i * 0.914 mm. 
fl ■ 0.914 mm. 

L « 229 mm. 


• * 9.53 mm 
c • 0-306 mm. 
b ■ 0.305 mm. 
1* 12-7 mm. 
W m 38.1 mm. 


Fig. 1 Specimen Dimensions 

B-l, B-2, B-3 Homogeneous Bonded 
B-4, B-5,B-6 Bimaterial Bonded 



Fig. 2 B-l (h = 12.7mm) No Load Photo After Stress Freezing 
Cycle (Data zone lies between 1.17 and 3.43 mm above 
crack tipi to crack plane for B-l, B-2 and B-3) 
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Fig. 3 (a)TT Loaded Fringe Pattern for B-3(b) Middle Slice Fig. 4 No-Load FVinge Pattern for B-4 (12.7mm) Data Zone 
Fringe Pattern for B-3 lies between 1.17 and 3.43 mm above crack tip along a 

reading line inclined $ p to a normal to the crack plane 
for B-4, 13° for B-5 and 17° for B-6. 
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Fig. 1-1 Refined Polariecope 



Fig. n-1 Mode 1 
Near Tip Notation 
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Figure 11-2: Middle Slice Data (B-3) 






